ABSTRACT. Interactions between terrestrial and aquatic systems influence the structure of river habitats and, consequently, affect their benthic macroinvertebrate composition. The aim of this study was to evaluate the effects of spatial and environmental variables (local physical and chemical variables of water and regional landscape characteristics) on the benthic macroinvertebrate community of the Pandeiros River Basin. Biotic and abiotic variables were evaluated at 20 sampling sites distributed across the primary sub-basins of the Pandeiros River Basin. We found that the macroinvertebrates were primarily affected by environmental variables. The most important environmental variables were pebble proportion and water conductivity at the local scale (7.2% of explained variation) and elevation and nonforest areas at the regional scale (6.9% of explained variation). The spatial variables were representative only in shared explained variation with the environmental matrices (local-spatial = 0.2% and regional-spatial = 2%; all matrices combined = 4.4%). Sampling sites with higher non-forest areas, lower elevations, and steeper slopes presented low pebble fractions and higher electrical conductivities. Habitat diversity was lower when the percentage of pebbles decreased, resulting in decreased taxonomic richness and diversity in macroinvertebrate communities. High electrical conductivities and non-forest areas also had negative effects on macroinvertebrate density due to the loss of habitat diversity. We conclude that higher proportions of pebbles in the substrate and higher altitudes were likely the primary variables for positive effects on the taxonomic richness and density of macroinvertebrate communities.
Watersheds are one of the major landscape units affected by human activities (e.g., agriculture, industry, urbanization) and by natural events (e.g., native forest succession), and these activities are the key determinants of watershed quality (NESSIMIAN et al. 2008) . In addition to natural variations (e.g., upstreamdownstream gradients) in the aquatic environment (VANNOTE et al. 1980) , understanding the effects of land use is important for predicting changes in the physical, chemical, and biological health of ecosystems (GARDINER et al. 2009 ). Different land uses (e.g., agriculture, industry, and urbanization) may generate physical changes in the habitat (PARK et al. 2011) , which alter the diversity and function of the ecosystem. Thus, when trying to understand the processes affecting stream biodiversity, the regional landscape should be considered (TUPINAMBAS et al. 2007) .
To assess local environmental conditions, the composition and diversity of the physical environment must be considered (BEISEL et al. 1998) . According to HARPER et al. (1997) , substrate composition (e.g., pebbles, gravel, and stones), detritus input, and canopy cover are three of the primary variables that control biodiversity in lotic macroinvertebrate communities. Natural topographical characteristics may also decrease macroinvertebrate diversity if fine sedimentary particles are predominant in the substrate (VANNOTE et al. 1980) . The physical and chemical characteristics of the water (e.g., dissolved oxygen, conductivity, alkalinity, and temperature) may also influence aquatic life by altering the environment and the community composition (ALLAN 2007 , MELO 2009 ). Therefore, environmental characteristics are critical for understanding the distribution and diversity of the macroinvertebrate communities in aquatic systems (COSTA & MELO 2007 , MELO 2009 .
Benthic macroinvertebrate communities are central components of freshwater ecosystems (VANNOTE et al. 1980 , ALLAN 2007 and are perhaps the most widely used biological indicators of aquatic health (e.g., TUPINAMBAS et al. 2007 , MORENO et al. 2009 , FERREIRA et al. 2011 . Previous studies have attempted to clarify the relationship between local (ONODA et al. 2009 ) and regional habitat conditions (ALLAN 2007 , JUN et al. 2011 , PARK et al. 2011 ) because these relationships affect the structure of Effects of spatial and environmental factors on benthic a macroinvertebrate community ZOOLOGIA 31 (5): 426-434, October, 2014 benthic macroinvertebrate communities. These studies have generally been performed in temperate systems and have primarily focused on the importance of local environmental conditions. Some studies have examined the effects of local (physical and chemical variables of water) and regional (land use and landscape characteristics) habitat conditions on benthic macroinvertebrate communities in tropical regions (BOYERO & BAILEY 2001 , COSTA & MELO 2007 , BÜCKER et al. 2010 . However, few studies have also investigated the influence of spatial processes on community structure (SIQUEIRA et al. 2012) .
Ecological theory predicts that different processes act as filters on communities at local and regional scales, and the metacommunity framework can be useful for studying these structuring processes (LEIBOLD et al. 2004 , COTTENIE 2005 , SIQUEIRA et al. 2012 . A metacommunity can be defined as a set of local communities linked by the dispersal of multiple potentially interacting species (LEIBOLD et al. 2004) , and metacommunities are structured by both environmental and spatial processes (HOLYOAK et al. 2005) . The metacommunity framework suggests that local communities are controlled by neutral processes, species sorting, patch dynamics and mass effects, depending on the relative influences of environmental and spatial processes on community structure (LEIBOLD et al. 2004 , SIQUEIRA et al. 2012 .
According to SIQUEIRA et al. (2012) , the community controls mentioned above can act simultaneously and should not be viewed as independent processes but rather as points along a continuum. The neutral model (driven primarily by stochastic processes and resulting in strong spatial structures) and species sorting (based on niche theory) represent the endpoints of a continuum of processes acting on communities; patch dynamics and mass effects combine both perspectives (for details, see HUBBELL 2001 , LEIBOLD et al. 2004 , COTTENIE 2005 , HOLYOAK et al. 2005 , SIQUEIRA et al. 2012 . Therefore, one could hypothesize that some communities are conforming to environmental processes and that other communities are more influenced by spatial processes (LEIBOLD et al. 2004 , HOLYOAK et al. 2005 , SIQUEIRA et al. 2012 .
Our goal was to evaluate the effects of spatial and environmental variables (local physical and chemical variables of water and regional landscape characteristics) on the benthic macroinvertebrate community in the Pandeiros River Basin, Brazil. Specifically, we addressed the following questions: 1) What are the relative importances of spatial and environmental variables (local and regional scale) on the richness and density of this benthic macroinvertebrate community? 2) Which environmental variables are the most important for structuring this benthic macroinvertebrate community?
MATERIAL AND METHODS
The present study was performed in the Pandeiros River Basin, state of Minas Gerais, southeastern Brazil (Figs 1 and 2 ). This river basin, which occupies 3,800 km 2 , is populated by a small ca. 8,164 inhabitants, who are distributed in small, rural communities, and subsist on small-scale agriculture and livestock farming. The climate of this region is predominantly semiarid, with temperatures varying from 18 to 35°C. The altitude ranges from 600 to 780 m, and the soils are predominantly red oxisols (latosols) with a sandy texture and quartz sand. Based on historical data, the average discharge of the primary river is 8 m 3 /s during the dry season and 24 m 3 /s during the rainy season. The Pandeiros River, which is the primary water body in the basin, is approximately 145 km long. The sampling sites represent 20 river reaches, with 11 sites on the Pandeiros River and 9 sites on its primary tributaries (Figs 1 and 2 ). We sampled each site four times in 2008: February, May, September, and (1) and NDVI values (2) in the study area.
November. The sampling sites were selected based on their geographical locations within the hydrographic basin, as represented by the Otto Pfafstetter coding system-coded basin areas designated by the National Water Agency of Brazil (Agência Nacional de Águas -ANA, Appendix S1*).
Landscape analysis was performed using a geographical information system (GIS) based on a recent (2010) multispectral Landsat 5 Thematic Mapper (TM) image. The image was classified into cerrado (Brazilian savanna), forest, agriculture/ silviculture, and non-forest areas (primarily characterized by roads). Land use was determined using a maximum-likelihood classification algorithm. The normalized difference vegetation index (NDVI) was used as an additional investigative tool due to its potential to detect anthropogenic or natural changes in vegetation (ROUSE et al. 1973) (Fig. 2) . The index ranges from -1 to + 1, with positive values indicating more dense vegetation (DENNISON et al. 2009 ). Vegetation indices can be used to measure the changes in leaf area (i.e., canopy openness) that result from defoliation (DENNISON et al. 2009 ). The NDVI (ROUSE et al. 1973 ) is calculated as follows: NDVI = NIR -red/NIR + red, where NIR and ñred are the reflectances of the near-infrared bands and the red band, respectively.
Elevation data supplied by the National Aeronautics and Space Administration Shuttle Radar Topography Mission (NASA/SRTM) project were used to extract the primary topographical features, including the elevation, slope, and drainage network. The georeferenced database was structured to provide secondary topographical information related to the drainage areas of individual sampling sites, including the watershed surface, sinuosity index, and slope (Figs 1 and 2) .
Three sediment samples were collected from each sampling site using a plastic container to determine the granulometric composition and organic matter content of the sediment. The granulometric composition of the sediment was determined according to the methodology proposed by SUGUIO (1973) and modified by CALLISTO & ESTEVES (1996) . Ten stones were collected randomly at each sampling point in the field, and their volumes were estimated using a caliper to measure their heights, widths, and thicknesses. The sediment organic matter was estimated according to the method of SUGUIO (1973) by incinerating three 0.3 g aliquots for 4 hours at 550°C. A multi-analyzer (Model 85, YSI Incorporated, Yellow Springs, OH, USA) was used to record the following water-column parameters in situ: temperature, electrical conductivity, and dissolved oxygen. The total alkalinity was determined by Gran plots as described by CARMOUZE (1994) . The riparian-vegetation canopy openness was quantified using hemispheric photographs (taken with a Nikon FCE9 fisheye lens (Nikon Corp, Tokyo, Japan) and analyzed using the Gap Light Analyzer 2.0 software (Simon Fraser University, Burnaby, BC, Canada).
To examine the benthic community (Appendix S2*), three sample units were collected to represent the different microhabitats at each sampling site using a Surber stream-bottom sampler with a sampling area of 1024 cm 2 and a mesh size of 0.250 mm (PÉREZ 1988) . The collected material was washed on 0.50 mm sieves and screened using a stereomicroscope. Then, the aquatic macroinvertebrates were collected and identified (to the family level) using available and appropriate taxonomic keys (PÉREZ 1988 , MERRIT & CUMMINS 1996 , CUMMINS et al. 2005 . Based on this inventory of the benthic macroinvertebrate communities, the average family richness and density were calculated for each sampling site. This methodology has yielded good results in studies of the São Francisco River Basin (MORENO et al. 2009 , FERREIRA et al. 2011 .
The importances of spatial (geographical coordinates) and environmental variables (local physical and chemical parameters of water and regional landscape variables) on the structure of benthic macroinvertebrate communities were evaluated by a partial redundancy analysis (pRDA). The local physical parameters used were granulometric fractions (silt + clay, very fine sand, fine sand, medium sand, coarse sand, very coarse sand, gravel, pebbles, and stones), the percentage of organic matter, and the percentage of canopy openness. The chemical parameters of water used were dissolved oxygen, electrical conductivity, water temperature, and alkalinity. The regional landscape variables used were the average value of non-forest areas; drainage density; drainage form; sinuosity; average elevation; slope; percentage of forest, cerrado, agriculture/silviculture, and anthropic areas; and the NDVI at each of the sampling sites.
The geographical coordinates (latitude and longitude in Universal Transverse Mercator (UTM)) of each sampling site were used in a principal coordinates of neighbor matrices (PCNM) method described by BORCARD & LEGENDRE (2002) and by DRAY et al. (2006) . Next, redundancy analysis (RDA) was used to remove the effects of non-important variables on the spatial and environmental data matrix. One forward selection was made for each set of predictor variables (spatial, local, and regional landscape variables). A global test was also performed, including all explanatory variables and the R 2 adj (according to Ezekiel's correction: PERES-NETO et al. 2006) , which was used as a second criterion (in addition to an alpha-value of 0.05) to select the variables to retain in the subsequent analyses.
The importance of environmental variables on the structure of the benthic macroinvertebrate communities was obtained in the RDA (forward model selection) by first selecting the explanatory variable that maximized the fit of the model and by computing an F-ratio and a p-value by permuting the residuals under the full model approach (BLANCHET et al. 2008) . Whenever p р 0.05 was obtained, then R 2 adj was computed for the forward model selection. If R analyses were performed using the average values of the environmental and biological variables measured during all of the sampling periods at each site. Analyses were performed in the R environment (R DEVELOPMENT CORE TEAM 2013) using the vegan package (OKSANEN et al. 2013) .
RESULTS

Regional and local physical and chemical characteristics of the stream
The drainage area of the sampling sites totaled 390,326 ha and was divided as follows: forest (4.83%), cerrado (Brazilian savanna; 68.2%), agriculture/silviculture (agroforestry; 0.04%), and anthropogenic areas (26.93%). The latter category primarily consisted of unpaved roads and a small amount of urban area. The average NDVI value of the entire basin was 0.339, indicating that the study area could be considered preserved (Table I) . Regarding the granulometric composition, very fine sand was the most abundant fraction (average: 46 ± 18% SD; range: 16 to 83%), followed by pebbles (average: 20 ± 19% SD; range: 0 to 33%), fine sand (average: 12 ± 8% SD; range: 2 to 32%), and medium sand (average: 8 ± 7% SD; range: 2 to 33%). The silt, clay, coarse sand, very coarse sand, gravel, and stone fractions showed low percentages throughout the river system (< 2%; Table II ). The sampling sites varied widely in oxygen saturation (average: 63 ± 15% SD; range: 33 to 81%), electrical conductivity (average: 80 ± 56 µS cm -1 SD; range: 27 to 277 µS cm -1 ), and alkalinity (average: 655 ± 577 µEq/L SD; range: 130 to 1298 µEq/L). However, the water temperature was similar between sampling sites (average: 24 ± 2°C SD; range: 20 to 26°C; Table III ).
Variables structuring the benthic macroinvertebrate community
The family richness (average: 9 ± 3 SD; range: 2 to 15; accumulated: 28 ± 5 SD; range: 13 to 38) and density (average: 125 ± 85 ind/m 2 SD; range: 14 to 332 ind/m 2 ) of macroinvertebrate communities varied widely in the sampling sites (Table  IV) . The family richness and density values of macroinvertebrate communities were higher in tributary streams (richness average: 11 ± 2 SD; richness accumulated: 30 ± 4 SD; density average: 181 ± 86 ind/m 2 SD) compared with the Pandeiros River (richness average: 6 ± 3 SD; richness accumulated: 25 ± 5 SD; density average: 78 ± 51 ind/m 2 SD). The pRDA indicated that the local physical and chemical matrix explained 7.2% of the total faunal variation (adjusted R 2 ; p < 0.001), whereas the regional landscape matrix explained 6.9% of the total faunal variation (adjusted R 2 ; p < 0.001); thus, 14.1% of the total faunal variation was explained by the environmental matrices. The shared variation between the local and regional environmental variables was near zero, indicating that their effects were independent of each other. The spatial matrix Table I . Average values for non-forest areas (A/ha), drainage density (DD), drainage form (F), sinuosity (S), average elevation (AE), slope (Sl), percentage of forest (% F), cerrado (% C), agriculture/silviculture (% A/F), anthropic areas (% A), and NDVI at each of the sampling sites along the Pandeiros River Basin. did not explain the variation in the community structure, and the shared correlations of the spatial variables with local (0.2%) and regional environmental variables (2%) were extremely low, indicating that space was primarily unimportant in this study. The percentage of explained variation shared among all three matrices was 4.4%. Most of the variation in the macroinvertebrate communities (81%) remained unexplained (Fig. 3) . A single spatial variable was selected (PCNM 2, adjusted R 2 = 0.081, F = 2.68, p < 0.001). Two local environmental matrix variables were selected: the electrical conductivity (adjusted R 2 = 0.117, F = 1.91, p = 0.042) and the pebble fraction (adjusted R 2 = 0.072, F = 2.49, p = 0.002). Additionally, two regional environmental matrix variables were selected: non-forest areas (adjusted R 2 = 0.073, F = 2.49, p = 0.001) and average elevation (adjusted R 2 = 0.132, F = 2.24, p = 0.005) (Fig. 3) .
DISCUSSION
Effects of spatial and environmental patterns on benthic macroinvertebrate communities
Our results demonstrate that the environmental variables at the local and regional scales (which explained 14.1% of the total variation) were responsible for structuring the composition (the community composition and relative abundance) of aquatic macroinvertebrate communities. Local-scale studies investigating environmental and spatial effects on community variation in Central European (FELD & HERING 2007) and southern Brazilian streams (HEPP et al. 2012) have obtained similar results. Despite the increased effort to assess the effect of local environmental conditions (7.2% of explained variation), we found that regional variables (6.9% of explained variation) can also modify the macroinvertebrate communities. According to COTTENIE (2005) , most studies that assessed the importance of environmental and spatial variables found that the former, specifically habitat heterogeneity, was the most important. This pattern was also observed for macroinvertebrate communities, which were primarily influenced by niche changes along an environmental gradient (LEIBOLD et al. 2004 , SIQUEIRA et al. 2012 .
The percentage of explained variation shared by the environmental matrices (local and regional scales) was nearly zero, indicating that the effects of these two groups of variables were independent. The percentages of explained variation shared by spatial and environmental variables (spatial-local = 0.2% and spatial-regional = 2%) were low, indicating that environmental effects are uncorrelated in space. COTTENIE (2005) found that the relative importance of local and regional processes showed the prevalence of three (neutral model, species-sorting, and mass-effect) theoretical metacommunity types for real systems in a unified framework, although we found only an environmental pattern influencing the macroinvertebrate communities (see also LEIBOLD et al. 2004) . Although the total percentage of explained variation was low, this pattern is common in ecological studies and is due (at least in part) to important variables that were missing from the analysis or to communities that are not controlled by environmental variables (GENNER et al. 2004 , HEPP et al. 2012 . 
Effects of environmental variables on benthic macroinvertebrate communities
The sampling sites with higher family richness and densities of macroinvertebrate communities were associated with the coarse fractions of the substrate, particularly pebbles, in the pRDA ordination. The occurrence of pebbles creates high habitat diversity in the sediment (DOMINGUEZ-GRANDA et al. 2011 , JUN et al. 2011 , increasing the availability of shelter for aquatic organisms (TUPINAMBAS et al. 2007 , BÜCKER et al. 2010 . Furthermore, high elevations and steep slopes within the landscape provide the streams, which are primarily small, with great strength, increasing their capacity to carry fine sedimentary particles and leaving behind a greater percentage of pebbles (ROSGEN 1996 , CHURCH 2002 . Thus, the flat plains at the bottom of the basin are prime areas for the deposition of fine particles (VANNOTE et al. 1980) . This finding corroborates the proposition of VINSON & HAWKINS (2003) that aquatic communities are structured by natural fluvial processes and helps to explain the higher richness and densities of macroinvertebrates in tributary streams (upstream) compared with the Pandeiros River. These natural fluvial processes cause the local habitat characteristics (e.g., water velocity, water depth, river width, and substrate) to vary spatially along the drainage basin (River Continuum Concept; VANNOTE et al. 1980 , BÜCKER et al. 2010 .
The sampling sites with low taxonomic richness and densities of macroinvertebrate communities were associated with the electrical conductivity and non-forest areas in the pRDA ordination. These variables are associated with effluent discharge and deforestation (MYKRA et al. 2008) . Compared with those water bodies in preserved areas, the water bodies in anthropogenic areas have more diffuse sources of organic and inorganic matter, particularly those bodies without vegetative protection, resulting in higher electrical conductivity (GARDINER et al. 2009 , JUN et al. 2011 . In anthropogenic areas, inadequately treated effluents may flow into adjacent water bodies, increasing the nutrient concentrations of the water and altering the electrical conductivity (MYKRA et al. 2008) . In spite of the low percentage of anthropogenic areas within the Pandeiros River Basin, our results suggest negative effects of higher electrical conductivity and non-forest areas on the richnesses and densities of macroinvertebrate communities. Anthropogenic areas (particularly urbanized areas) strongly influence biological communities, and their effects are disproportionate to the size of the area used (PAUL & MEYER 2001) , thus enhancing their real effect on macroinvertebrate communities (JOHNSON et al. 2012) .
We found that the environmental variables (local and regional) have greater effects on the macroinvertebrate community than do spatial variables. We also identified the most important local (pebble fraction and conductivity) and regional variables (higher altitude and non-forest areas) structuring the macroinvertebrate community. Sampling sites with higher nonforest areas can allow higher inputs of allochthonous soil sediment. Downstream areas (primarily lower altitude) can present higher depositions of fine particles, resulting in low pebble fractions and higher electrical conductivities (contribution by upstream areas). Another aspect is that the pebble fraction can increase habitat diversity and result in a positive effect on the richness and densities of macroinvertebrate communities. Therefore, we conclude that higher percentages of coarse particles (pebbles) in substrates and topographic variation are likely to be responsible for positive effects on family richness and densities of macroinvertebrate communities. Taxa  P1  P2  P3  P4  P5  P6  P7  P8  P9  P10 
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